The glaucomas are a group of optic neuropathies comprising the leading cause of irreversible blindness worldwide. Elevated intraocular pressure due to a reduction in normal aqueous outflow is a major causal risk factor. We found that endothelial leukocyte adhesion molecule-1 (ELAM-1), the earliest marker for the atherosclerotic plaque in the vasculature, was consistently present on trabecular meshwork (TM) cells in the outflow pathways of eyes with glaucomas of diverse etiology. We determined expression of ELAM-1 to be controlled by activation of an interleukin-1 (IL-1) autocrine feedback loop through transcription factor NF-κB, and activity of this signaling pathway was shown to protect TM cells against oxidative stress. These findings characterize a protective stress response specific to the eye's aqueous outflow pathways and provide the first known diagnostic indicator of glaucomatous TM cells. They further indicate that common mechanisms contribute to the pathophysiology of the glaucomas and vascular diseases.
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The glaucomas, characterized by cupping of the optic nerve head and irreversible loss of retinal ganglion cells, affect approximately 70 million people worldwide 1 . Elevated intraocular pressure (IOP) due to reduction in aqueous outflow facility is a major causal risk factor. The main aqueous outflow pathway of the eye consists of a series of endothelial-cell-lined channels in the angle of the anterior chamber comprising the trabecular meshwork (TM), Schlemm's canal, the collector channels and the episcleral venous system. In closed-angle forms of glaucoma, elevated IOP is due to anatomic obstruction of this pathway 2, 3 . Factors causing reduced outflow facility in the open angle glaucomas may include accumulation of extraneous material or cells within the TM, alterations in junctional structures between cells of the TM or Schlemm's canal, accelerated TM cell death and collapse of trabecular beams [2] [3] [4] [5] [6] [7] . Chronic sublethal injury due to cellular stress is a common theme in the pathogenesis of diverse diseases including atherosclerosis, glomerulonephritis and pulmonary fibrosis 8, 9 . Previous studies indicate that the glaucomas are part of this disease group, with sublethal damage to the outflow pathways being the result of accumulated oxidative stress arising from the environment, vascular dysregulation, aging and/or the disease process itself 3, [10] [11] [12] . The pathophysiology of diseases involving sublethal cell injury is determined largely by the cells surviving the damaging insult. These cells mount a protective response involving expression of new genes and other molecular changes 8, 9 , dependent on the nature of the damaging stimulus and on tissue type 13, 14 . A few studies have compared the molecular phenotypes of glaucomatous with normal TM (refs. 4,15) ; however, a diagnostic marker of diseased TM has not yet been identified.
ELAM-1 is a disease marker for glaucomatous TM
Cell-adhesion molecules (CAMs) are key functional components of biological structures for fluid containment and transport 16 . Moreover, upregulation of selectin-and immunoglobulin-type CAMs is a common response to cellular stress agents implicated in vascular disease 17, 18 . To characterize CAMs in the aqueous outflow pathways of normal eyes, and to determine whether CAM expression might be altered in glaucoma, we performed an immunohistochemical screen using a battery of vascular endothelial CAM probes. Six of the eight vascular CAM probes consistently stained the TM and Schlemm's canal of both normal and glaucomatous eyes. A representative experiment with the N-CAM-16 (neural cell adhesion molecule-16) marker is shown in Fig. 1 . Staining for ICAM-1 (intercellular adhesion molecule-1), VCAM-1 (vascular cell adhesion molecule-1) and integrin α3 was also easily detected, and trace staining for integrin α2 and integrin α5 was apparent. A seventh vascular marker, PECAM-1 (platelet/endothelial cell adhesion molecule-1), stained only Schlemm's canal. The level of immunostaining for each of the vascular CAMs was similar in normal and glaucomatous eyes. Normal and glaucomatous TM-cell lines retained these markers, as shown by N-CAM-16 staining (Fig. 1) .
Of these, only the probe for ELAM-1 differentiated the glaucomatous from the normal eye aqueous outflow pathway (Fig. 1) , regardless of glaucoma subtype or severity (Table 1) , and independent of prior glaucoma therapy (four eyes had no treatment prior to surgical intervention). ELAM-1 staining was absent in the outflow pathway of normal eyes, but was clearly present in glaucomatous eyes in the region of Schlemm's canal and the surrounding TM. The differential expression of ELAM-1 was retained in subcultured TM cells. ELAM-1 was consistently present in all glaucomatous tissue specimens and TM-cell lines examined. In contrast, ELAM-1 was consistently absent from the TM of all normal tissue specimens and TM-cell lines. This screen defines a molecular marker specific for glaucomatous TM cells that is retained ARTICLES Fig. 1 Immunohistochemical screen for CAMs altered in outflow pathways of glaucomatous eyes. Cross-sections through the angle of the anterior chamber of glaucomatous or normal eyes (left panels), or sub-cultured TM-cell lines from glaucomatous or normal eyes (right panels) were stained with N-CAM-16 or ELAM-1 antibody probes. Note the strong staining of Schlemm's canal (arrow) and the surrounding TM (arrowhead) in glaucomatous eyes and TM cells from glaucomatous eyes. Tissue sections were negative for the inflammation marker LFA-1 and the fibrosis marker HPCA-2, and both tissue sections and cultured cells were positive for the TM cell marker HLA class I antigen (data not shown).
even when the cells are subcultured.
ELAM-1 expression is not due to inflammation
ELAM-1 expression is stimulated in normal vascular endothelium by inflammatory cytokines such as IL-1 (ref. 19 ). Many of the glaucomatous eyes that we examined had forms of disease associated with an inflammatory component. In addition, laser therapy or the preservatives in glaucoma medications could induce inflammation 20 . On gross examination, however, there was no evidence of inflammation or trauma in the glaucomatous cadaver eyes. Trabeculectomy was performed only on eyes in which inflammation was subdued or absent, and none of these eyes had received laser therapy within three months of surgery. The prostaglandin analog drugs might induce inflammatory cytokines 21 ; however, only one of the cadaver eyes and only five of the trabeculectomy eyes had been treated with such drugs. One cadaver eye came from a patient whose disease was diagnosed only two months prior to death, so there was little opportunity for drug therapy. One trabeculectomy patient with primary open-angle glaucoma and three with angle-closure glaucoma had received no treatment whatsoever for their disease. Routine hematoxylin and eosin staining of tissue sections revealed no evidence of inflammation. Moreover, immunostaining revealed that all normal and glaucomatous eyes were positive for the TM-cell marker used in this study (HLA class I antigen), but negative for both the leukocyte marker and the fibrosis marker (data not shown). These results indicate that the commonality among all of the glaucomatous eyes leading to ELAM-1 expression is the disease process itself.
ELAM-1 expression and IL-1-NF-κB signaling
Autocrine cytokine feedback loops can be activated in tissue repair, disease and cellular aging, and serve as a mechanism for amplifying and sustaining expression of specific genes 22 . Exogenous IL-1 stimulated expression of ELAM-1 mRNA (Fig. 2a) and protein ( Fig. 2c) in normal TM cells. The mRNA for IL-1α was undetectable in normal TM cells, and the mRNAs for IL-1β and IL-6 were found only at low levels ( Fig. 2b ). Exogenous IL-1 stimulated expression of each of these mRNAs (Fig. 2b) . In contrast, IL-1α, IL-1β and IL-6 mRNAs were present at easily detectable levels in untreated TM cells derived from glaucomatous specimens (Fig. 2b) , and correlated positively with ELAM-1 expression (Fig. 2a) . Treatment with IL-1 receptor antagonist (IL-1ra), a naturally occurring analog of IL-1 that binds to IL-1 receptors but does not transduce a signal 23 , significantly downregulated ELAM-1 expression 35 served to determine the equality of RNA loading among lanes. b, RT-PCR analysis for IL-1α, IL-1β and IL-6 mRNA. The cDNA for GAPDH was amplified in parallel reactions to assess cDNA-loading equivalence among samples 42 . c, Indirect immunofluorescent staining with antibody to ELAM-1. NTM: normal TM cells. GTM-A: glaucomatous TM cells. GTM-B: glaucomatous TM cells, specimen-B. GTM-C: glaucomatous TM cells, specimen-C. (Fig. 2c) . These findings indicate that sustained ELAM-1 expression in glaucomatous TM cells is controlled largely by autocrine IL-1, although expression may be amplified by other autocrine cytokines such as IL-6.
Expression of ELAM-1 (ref. 17) , IL-1α, IL-1β and IL-6 (ref. 21 ) is dependent on activity of the NF-κB family of dimeric DNA-binding complexes 24 . Electrophoretic mobility shift assay (EMSA) revealed that exogenous IL-1 stimulated NF-κB DNA-binding activity in normal TM cells (Fig. 3a) . This binding activity was present constitutively in glaucomatous TM cells, and was further stimulated by exogenous IL-1. Antibodies to NF-κB family member p50 (NF-κB1) completely super-shifted the inducible complexes from normal cells and the constitutive complex from glaucomatous cells, whereas antibodies to p65 (Rel A) super-shifted a distinct subcomponent of these complexes (Fig. 3a) . This is consistent with the identities of the complex of faster mobility as p50-p50 homodimers and the complex of slower mobility as p50-p65 heterodimers. Interestingly, p50 antibodies did not alter the electrophoretic mobility of the inducible complexes from glaucomatous cells, although these complexes were shifted completely with p65 antibodies (Fig. 3a) . This indicates that disease alters the expression of NF-κB family members. IL-1ra treatment eliminated the constitutive NF-κB DNA-binding complex from glaucomatous cells (Fig. 3b) . Treatment with the NF-κB antagonist, SN50 peptide, reduced ELAM-1 expression in glaucomatous TM cells, whereas treatment with control peptide again had no effect (Fig. 3c) . These findings indicate that IL-1 sustains ELAM-1 expression in the TM cells of glaucomatous eyes through a signaling pathway that culminates in activation of NF-κB. Activation of NF-κB in response to stimulators involves release from an inhibitor, I-κB, exposing a protein domain which enables translocation to the nucleus 24, 25 . An antibody against the nuclear localization epitope which recognizes only the active form 
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of p65 showed substantial binding to TM cells surrounding Schlemm's canal in glaucomatous tissue specimens, but binding was not detectable in the outflow pathways of normal eyes (Fig. 4) . The localization pattern of activated p65 antigen overlapped substantially with that of ELAM-1 antigen. These data support the hypothesis that NF-κB activation stimulates ELAM-1 expression in situ.
IL-1-NF-κB signaling protects cells from oxidative stress
IL-1 and NF-κB are reported to be protective of cells subjected to stress 26, 27 . We performed an experiment to determine whether endogenous IL-1 protects glaucomatous TM cells (Fig. 5) . Normal TM cells exhibited a dose-dependent apoptotic response when treated with the oxidant tBH. In contrast, glaucomatous TM cells were resistant to the oxidant, with apoptosis apparent only at the highest dose in the range. When normal TM cells were treated with IL-1, the threshold oxidant dose for eliciting apoptosis was also increased. Conversely, when glaucomatous TM cells (which produce IL-1 endogenously) were treated with the IL-1 antagonist, IL-1ra, they exhibited less resistance to the oxidant. The NF-κB antagonist SN50 also decreased resistance, whereas control peptide had no effect. These results support the hypothesis that activation of NF-κB through IL-1 is protective of glaucomatous TM cells.
Discussion
The vascular endothelium and the TM have a common role in the formation of biological structures for containment and conduction of bodily fluids. As such, they share many properties, including the expression of the CAM markers defined in this study. Nonetheless, the vascular endothelium and the TM can be clearly distinguished by presence or absence of the vascular endothelial-cell marker, factor VIII (ref. 28) , and they are derived from different embryological precursors 29 . ELAM-1 upregulation in the vascular endothelium has been associated with a broad range of acute and chronic disease states in all organs of the body, including the eye [30] [31] [32] . A few reports also describe ELAM-1 expression in the inflamed corneal endothe- Fig. 4 Active NF-κB in glaucomatous TM cells in situ. Double-label immunofluorescent localization was performed using antibody that binds ELAM-1 and antibody against the p65 nuclear localization signal, which binds only the activated form of this subunit free of I-κB. Sections were further stained with Hoechst dye to visualize nuclei. 'Triple' indicates the overlap of all images. Magnification: ×40.
Fig. 5
Resistance of normal and glaucomatous trabecular meshwork cells to apoptosis in response to an oxidant, and protective role of IL-1 and NF-κB. Normal TM cells or glaucomatous cells were treated with indicated concentrations of the oxidant tBH for 6 hours and stained with fluorescein-TUNEL assay . Groups of cells were pre-treated with IL-1 (10µg/ml), IL-1ra (500 µg/ml) or SN-50 peptide (NF-κB antagonist, 50 µg/ml) then assayed for the apoptotic response. Cells were also stained with propidium iodide to stain the nucleus. Arrows indicate apoptotic cells which stain yellow because of the colocalization of TUNEL staining and propidium iodide. ARTICLES lium 30 , a tissue that is continuous with the TM and of similar embryonic origin. However, this is the first report of which we are aware that identifies ELAM-1 expression in the TM and Schlemm's canal. We note that the juxtacanalicular location of ELAM-1 expression that we observed corresponds to the site of maximal resistance to aqueous outflow, thought to be the location of the glaucomatous lesion in primary open angle glaucomas [3] [4] [5] . Considering the structural and functional similarities between the vasculature and the eye's aqueous outflow pathway, it is not surprising that diseases of these tissues share many points of convergence. For example, oxidized low-density lipoprotein 8 is a major initiating factor in atherosclerosis, and oxidative stress is also implicated in glaucoma pathogenesis 10 . Fluid pressure gradients in the form of shear stress are implicated in stimulating ELAM-1 expression in vascular disease 14, 17, 18 , and elevated blood pressure and IOP are key risk factors in the pathophysiology of vascular disease 14, 17 and glaucoma 5 , respectively. Inflammation and inflammatory cytokines 17 are central to the stimulation of ELAM-1 expression in the diseased vasculature, and the inflammatory cytokine IL-1α is upregulated in vascular endothelial cells isolated from the atherosclerotic lesion 33 . Only a few glaucomas are associated with inflammation; however, we found in this study that IL-1 is consistently upregulated by glaucomatous TM cells and acts as a key autocrine regulatory factor for ELAM-1 expression, much as in vascular disease. This difference may be due to environment-the cellular and extracellular composition of arterial matrices are more complex than those of TM, and the acellular aqueous humor which percolates through the aqueous outflow pathways is different from the cellular blood that flows through arterial endothelial vessels. Inflammatory mediators may stimulate systemic effects when expressed by vascular endothelia, but effects may be locally contained when expressed by TM.
Activation of the transcription factor NF-κB is a common end point for diverse stress signals, including oxidative stress 34 . The gene for ELAM-1 has NF-κB response elements in its transcriptional promoter 14, 17 . We show here that endogenous IL-1 (possibly augmented by IL-6) controls ELAM-1 expression in glaucomatous TM cells through NF-κB. NF-κB is also known to mediate expression of the inflammatory cytokines IL-1α, IL-1β and IL-6 21, 24, 35 . This suggests a model in which sublethal damage to TM cells initiates NF-κB activation, which in turn activates the genes for both ELAM-1 and the inflammatory cytokines. At first, ELAM-1 and IL-1/IL-6 gene expression would occur only at very low levels depending on the strength and duration of the initial damaging stimulus. However, this signal would be progressively amplified by the cytokines through further activation of NF-κB. Ultimately, NF-κB activation would become self-sustaining, and ELAM-1 and IL-1/IL-6 expression would reach levels easily detectable by the methods used in this study.
The genetic response to sublethal cellular stress confers protection to the surviving tissue in a variety of disease states 8, 9 . Autocrine IL-1 expression has been associated with replicative senescence in cultured fibroblasts 36 , and treatment with exogenous IL-1 extends the replicative lifespan of cultured endothelial cells 26 . In addition, a previous study has demonstrated that activity of NF-κB prevents cells from undergoing apoptosis in response to stressful stimuli by controlling expression of genes encoding anti-apoptotic proteins 27 . Our results now place glaucoma in this group, as we show that IL-1 produced endogenously by glaucomatous TM cells inhibits the apoptotic response to oxidative stress through NF-κB. IL-1 may have additional beneficial effects in glaucoma, as it has been reported to increase outflow facility 37 , perhaps through its ability to stimulate expression of matrix metalloproteinases (MMPs) 38 . Although the tissue response to stress may be protective in the short run, if continued on a chronic basis it has the potential to become the disease entity itself, a lesson already learned for vascular disease 8 . In open-angle forms of glaucoma, IOP would increase as TM damage accumulated, secondarily amplifying NF-κB activation 12, 18 . In closed-angle forms of glaucoma, elevated IOP resulting from anatomic obstruction of the angle would be the primary oxidative stress initiating NF-κB activation, but this would be subsequently amplified through autocrine cytokine loops. The IL-1-NF-κB pathway generates oxygen free radicals as signaling intermediates 12, 34 , which could cause cell damage 10 . Moreover, downstream targets of this pathway such as MMPs could ultimately cause irreversible damage to the trabecular beams. Thus, activation of the IL-1/NF-κB pathway may provide a unifying disease mechanism for pathophysiology in glaucomas of diverse etiology.
To our knowledge, ELAM-1 represents the first molecular marker of the glaucoma disease phenotype, that is, it is expressed in an allor-none fashion, and could be used diagnostically. However, activation of the NF-κB signaling pathway in TM cells may be the more comprehensive determinant of disease, because it controls not just one gene (ELAM-1), but a whole battery 24 . We detected upregulation of three additional members of this battery (IL-1α, IL-1β and IL-6) in glaucomatous TM, although we reserve judgement on their designation as true disease markers since we did not rigorously document their absence from normal TM. We predict that other disease markers besides ELAM-1 will be found once additional members of the gene battery stimulated by NF-κB in the TM are identified. The possible role of ELAM-1 in protection or pathophysiology of the glaucomas remains to be learned.
The continued capacity to distinguish normal and diseased TM cells on the basis of ELAM-1 expression even after subculture indicates that TM cells retain a memory of their disease history when removed from the glaucomatous conditions in the eye. This means that TM cells can be amplified in culture to provide material for molecular characterization of the disease lesion by application of differential cloning and gene profiling strategies. All current therapeutic modalities for glaucoma are aimed at reducing IOP by decreasing aqueous humor production or by increasing outflow facility through alternative pathways 5 . Greater understanding of the mechanisms leading to TM-cell damage in the glaucomatous eye will facilitate development of new management strategies that target the primary disease lesion.
Methods
Tissue specimens, embedding and cell culture. Sixteen normal (age range: 4 d to 88 y) and 12 glaucomatous (age range: 67 to 86 y) cadaver eyes were obtained from the National Disease Research Interchange and the New England Eye Bank. Eyes were enucleated within 2-4 h after death and processed for experiments within 20-36 h. Anterior segments were isolated, lenses were removed and the specimens were halved; one portion was then embedded for frozen sectioning and the TM was isolated from the other portion and explanted to culture. Surgical specimens from 23 glaucoma patients (age range 16-88 y) were used for either frozen section or culture (Table 1) . Cultures from single individuals were maintained as separate lines and used before fourth passage. In some experiments, cells were treated with IL-1α at 10 ng/ml and/or IL-1ra at 100-1000 ng/ml (R&D Systems, Minneapolis, Minnesota). In other experiments, cells were treated with the NF-κB antagonist, SN50 or control peptide (Biomol, Plymouth Meeting, Pennsylvania) at 50 µg/ml.
Immunolocalizations. Nine different CAM monoclonals were used as primary antibodies for indirect immunolocalization on frozen tissue sections (4 µM) or cells cultured on glass slides. These were the selectin family member ELAM-1 (E-selectin; CD62E); the immunoglobulin superfamily members N-CAM-16 (CD56), ICAM-1 (CD54), PECAM-1 (CD31) and VCAM-1 (CD106); and the integrin family members integrin α2 (VLA-2; CD49b), integrin α3 (VLA-3; CD49c) and integrin α5 (VLA-5; CD49d). Control antibody probes included the inflammation marker LFA-1α (lymphocyte function-associated antigen-1α; CD11a) 39 , the fibrosis marker HPCA-2 (human progenitor cell antigen-2; CD34) 40 , and the TM cell marker HLA class I (major histocompatibility complex reagent-1; HLA-ABC) 41 . Each probe was purchased from Becton Dickinson (San Jose, California) with the exception of PECAM-1 antibody, which was purchased from Dako (Carpinteria, California). Antibody used to detect activity of the NF-κB p65 subunit in tissue sections was purchased from Boehringer. Eight to 20 tissue sections and 4 coverslips of cultured cells were probed with each primary antibody. The avidin-biotin-peroxidase complex technique was used to visualize antibody binding in initial experiments, but later experiments used a fluorescent secondary antibody. Appropriate controls for antibody specificity were included. Stained slides were examined by light microscopy and positivity was scored in a double-masked analysis.
RNA analysis. Northern blotting and reverse transcription (RT)-PCR were performed as described 35, 42 . Sequences for construction of the IL-1α oligonucleotide primer pair were obtained from Genbank (primer: 5′-CGGCTGCTGCATTACATAATCTGG; reverse: 5′-TGAAAGTCAGTGATA-GAGGGTGGC-3′). The IL-1β primer pairs were obtained from Clontech (forward:
5′-ATGGCAGAAGTACCTAAGCTCGC-3′; reverse: 5′-ACACAAATTGCATGGTGAAGTCAGTT-3′). The IL-6 primer pair was purchased from R&D Systems (proprietary sequences).
Electrophoretic mobility shift assay (EMSA). Nuclear lysates were prepared from cultured TM cells and EMSA was performed using a protein equivalent amount of each lysate as described 35 . The radiolabeled NF-κB probe was 5′-AGTTGAGGGGACTTTCCCAGGC-3′ (Promega, Madison, Wisconsin). Supershift analysis was performed with p50 (NF-κB1) and p65 (RelA) antibodies purchased from Santa Cruz Biotechnology (Santa Cruz, California).
Apoptosis assay.
TdT-mediated dUTP nick-end labeling (TUNEL) was performed using the in situ cell death detection kit with fluorescein (Boehringer). For this assay, TM cells plated in 8-well chamber slides at 1 × 10 5 cells/well were treated with 125-500 µM tert-butyl hydroperoxide (tBH, Sigma) for 6 h.
